Nuclear dimorphism is a characteristic feature of all ciliates. It depends on the developmental process of nuclear differentiation, which offers a unique opportunity for researchers to study programmed DNA rearrangements in eukaryotes. Each vegetative cell contains two types of nuclei with different structures and functions. The micronuclei are small, diploid nuclei that remain transcriptionally silent through most of the life cycle. They are often called germ line nuclei because their main function is to produce haploid gametic nuclei during meiosis and transmit genetic information to the following sexual generation. In contrast, macronuclei are large, highly polyploid nuclei in which all vegetative transcription takes place. Macronuclei divide amitotically and have a lifetime restricted to the vegetative part of the life cycle; during sexual processes, they stop replicating and eventually disappear. After fertilization, new macronuclei differentiate from mitotic products of the diploid zygotic nucleus while other products become the new micronuclei. Thus, in a vegetative cell, all nuclei derive from the micronuclei of the previous sexual generation (for a complete description of these processes in Paramecium aurelia, see reference 43) .
During development of the macronucleus from a diploid nucleus, the germ line genome is amplified to a high ploidy level (ϳ1,000n in P. aurelia species) and extensively rearranged at specific sites (for reviews, see references 9, 23, and 34). Chromosomes are fragmented into shorter, acentromeric molecules healed by the addition of telomeric repeats, and numerous internal sequences are eliminated from coding and noncoding sequences. Paramecium internal eliminated sequences (IESs) are short, single-copy, noncoding elements that are invariably excised between 5Ј-TA-3Ј direct repeats, one of which is left in the rearranged macronuclear sequence. Some of these rearrangements are very precise, always occurring at the same nucleotide of the germ line sequence. This precision is needed for the removal of IESs interrupting coding sequences (40, 44) . In some cases, however, the exact boundaries of the deleted segments may vary by a few base pairs (13, 38, 45) . In Paramecium species, addition of telomeric hexanucleotide repeats after fragmentation of germ line chromosomes is not precise at the nucleotide level but rather occurs at seemingly random positions within broadly defined, but reproducible, telomere addition regions (3, 16) . The sizes of these telomere addition regions vary from 200 bp to more than 1 kb for different fragmentation sites or between different caryonidal clones (vegetative clones arising from single events of macronuclear development). Alternative rearrangements of a single germ line sequence have also been described for several species. They can be distinguished from imprecise rearrangements in that they yield several discrete classes of rearranged molecules. Each of these classes may show some sequence microheterogeneity. Fragmentation of germ line chromosomes in Paramecium species, for example, often produces several classes of macronuclear molecules, corresponding to the use of alternative telomere addition regions spaced by 2 to 13 kb (1, 5, 16, 39) .
Because the macronucleus differentiates from the micronuclear lineage, it is generally assumed that the rearrangement program is entirely encoded in the germ line genome, i.e., that the rearrangement patterns are solely determined by cis-acting sequence elements directing the action of developmentally regulated enzymes. However, the study of entirely homozygous strains of Paramecium species has revealed the important role played by the old macronucleus (the prezygotic maternal macronucleus) in specifying rearrangement patterns in the developing macronucleus (for reviews, see references 30 and 31) . Variant rearrangement patterns can be maternally inherited in cell lines with strictly identical germ line genomes. In wild-type strain 51 of Paramecium tetraurelia, fragmentation of the germ line chromosome bearing the A surface antigen gene results in the formation of macronuclear telomeres in three alternative regions located 8, 13 , and 26 kb downstream of the gene. In the d48 variant strain, the macronuclear genome shows a terminal deletion of the A gene; during macronuclear development, telomeres are added in a single region located at the 5Ј end of the gene (16) . This variant rearrangement pattern is not inherited as a Mendelian trait; genetic crosses and nuclear transplantation experiments have shown that the d48 germ line genome is entirely wild type (24) . Which rearrangement takes place in the developing macronucleus is determined by the old macronucleus through unknown trans-acting factors that can be detected in the cytoplasm at the time of nuclear reorganization (25) . A similar maternal inheritance has also been observed for variant rearrangement patterns in the B gene region (41) and for the excision of some IESs, which can be excised in the developing macronucleus only if they are absent from the old macronuclear genome (13a, 14) .
In a previous paper, we reported experiments showing that the processing of the germ line G gene of Paramecium primaurelia is sensitive to the structure and copy number of homologous sequences in the old macronucleus (29) . Transformation of the vegetative macronucleus by microinjection of a high copy number of a plasmid containing the G gene results in a different rearrangement pattern in the sexual progeny of transformed clones. The G gene is deleted from the new macronuclear genome; the macronuclear telomere normally positioned about 5 kb downstream from the G gene now forms upstream of the coding sequence. This terminal deletion shows some heritability through sexual reproduction, as processing of the germ line G gene region is also affected in the following generation, resulting in a wide variety of different telomere positions. After several cycles of nuclear reorganization, a new cell line was established which, like the d48 strain of P. tetraurelia, reproducibly uses a variant telomere addition region. Here again, genetic analyses confirmed that the germ line genome remains wild type.
Both the maternal inheritance of variant rearrangements and the effects of transformation of the old macronucleus on the rearrangements occurring in the developing macronucleus indicate that some sequence-specific information is transmitted between these two nuclei. This phenomenon has so far been observed only with genes coding for surface antigens, such as the A, B, and G genes, all of which are located near macronuclear telomeres. In the present work, we have addressed the question of the generality of the phenomenon by transforming the vegetative macronucleus with plasmids containing different fragments of the macronuclear genome. All five plasmids tested induced deletions of the homologous region in the developing macronucleus at the following autogamy. Different fragments of the G gene region induced different terminal deletions; a fragment internal to a macronuclear chromosome induced internal deletions only.
MATERIALS AND METHODS
Cell lines and cultivation. P. primaurelia wild-type strain 156 (43) is a wellcharacterized stock strain that has been used extensively in genetic studies of the surface antigen system. Cells were grown in a grass infusion medium bacterized with Klebsiella pneumoniae the day before use and supplemented with 0.8 mg of ␤-sitosterol (Merck, Darmstadt, Germany) per ml. Cultivation and autogamy were carried out at 24°C. Basic methods of cell culture utilized have been described previously (42) .
Microinjections. Caryonidal clones that had undergone 15 to 30 fissions were injected in Dryl's buffer (12) containing 0.2% bovine serum albumin, under an oil film, while being visualized with a phase-contrast inverted microscope (Axiovert 35M; Zeiss). Approximately 5 pl of a solution of CsCl-purified plasmid DNA, which had been filtered with a 0.22-m-pore-size Millex-GV4 filter (Millipore) and dissolved in water at a concentration of 5 mg/ml, was delivered into the macronucleus.
Autogamy. Autogamy was induced by starving the cells after they had reached the appropriate clonal age and assessed by staining with a 15:1 (vol/vol) mixture of carmine red (0.5% in 45% acetic acid) and fast green (1% in ethanol). Cells were isolated from depressions showing more than 50% autogamous cells; autogamy was checked by staining three out of four cells after the second division of the isolated cell to verify the presence of macronuclear fragments. Dot blot analyses. About 500 cells were pipetted from depression slide cultures and transferred to 400 l of 0.4 N NaOH-50 mM EDTA. The lysates were incubated for 30 min at 68°C and loaded on a Hybond N ϩ membrane (Amersham, Little Chalfont, United Kingdom) by using a dot blot apparatus. The membrane was kept wet with 0.4 N NaOH for 15 min, washed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and subsequently treated as a Southern blot.
DNA extraction. Cultures of exponentially growing cells (400 ml at 1,000 cells/ml) were centrifuged. After being washed in Dryl's buffer (12) DNA restriction and electrophoresis. DNA restriction and electrophoresis were carried out according to standard procedures (37) . Pulsed-field electrophoresis was carried out in a homemade contour-clamped homogeneous electric field (CHEF) apparatus (7) in 0.25ϫ TBE (1ϫ TBE is 89 mM Tris, 89 mM borate, and 2.5 mM EDTA) at 5 V/cm, with cooling to 8°C and a commutation period of 4 s.
Southern blotting. DNA was transferred from agarose gels to Hybond N ϩ membranes (Amersham) in 0.4 N NaOH after depurination in 0.25 N HCl. Hybridization was carried out according to the procedure described in reference 8 in 7% SDS-0.5 M sodium phosphate-1% bovine serum albumin-1 mM EDTA (pH 7.2) at 63°C. Probes were labeled to a specific activity of 3.10 9 cpm/g by using a random priming kit (Boehringer, Mannheim, Germany). Membranes were then washed for 30 min in 0.2ϫ SSC-0.5% SDS at 60°C prior to autoradiography.
PCR amplification of telomeric fragments from terminal deletions. G gene telomeric fragments were amplified with primer 1 (5Ј-GATTCTTCAGAAATC AAAGAAATACTTAATT-3Ј, matching a sequence 15 bp upstream of the BamHI site) and primer 2, a degenerate oligonucleotide designed to match all possible combinations of the two types of Paramecium telomeric repeats [5Ј-((C /A)AACCC) 5 PCR amplification and sequencing of internal deletion junctions. Deletion junctions were amplified with primer 3 (5Ј-CTAATACAGTCAATCCTGAAT ACTTTAGTCATG-3Ј; the 5Ј end matches position 72 of the wild-type sequence) and either primer 4 (5Ј-CCATTGAAATTTGTGAAGTCACCTCCTT GAGCC-3Ј; the 5Ј end matches position 6388; used for deletions 4 and 5) or primer 5 (5Ј-ATCCATTAATGCTATCCAATTTTCCATATTCTC-3Ј; the 5Ј end matches position 7494; used for all other deletions) from total DNA of clones K1 (deletions 5 to 7 and 10 to 12) or K2 (deletions 1 and 2) or from size-selected HincII-EcoNI fragments from clone K2 (3.3 to 3.6 kb for deletions 5, 8, and 9; 4.8 to 5.1 kb for deletions 3 and 4). PCR reactions were run for 30 cycles under the same conditions as for telomeric amplifications, except that the annealing temperature was 63°C and the extension time was increased to 2 min. PCR products were cloned into plasmid pCRScript (Stratagene) either in bulk or after size selection, and clones containing inserts of various sizes were sequenced with the Sequenase sequencing kit (U.S. Biochemical Corp.) until a deletion junction could be identified by comparison with the wild-type sequence. In most cases, the size of the insert was in good agreement with the deduced length of the deleted segment and the insert was not sequenced further; a few clones resulting from nonspecific priming of one oligonucleotide at a different position of the sequence were discarded.
Sequence analysis. The sequence was analyzed with the programs Blastx, Gap, Window, and Statplot from the Wisconsin Package version 9.0 (Genetics Computer Group, Madison, Wis.).
Nucleotide sequence accession number. The nucleotide sequence of the 8,033-bp segment of the wild-type macronucleus has been submitted to the EMBL database and given accession no. Y13117.
RESULTS
Macronuclear deletions can be induced by different sequences. The 9.0-kb macronuclear DNA fragment cloned into the previously studied pX⌬4 plasmid contains the transcribed sequence of the G gene, as well as 230 bp upstream and 510 bp downstream of the mature transcript. Three additional plasmids containing different fragments of the G gene region (see Fig. 1 ) were microinjected into the macronuclei of vegetative cells of strain 156 to test whether new telomere positions could be induced after nuclear reorganization. Plasmid pEG1 contains a 5.7-kb fragment internal to the coding sequence and thus lacks the promoter region that presumably allows transcription of the G gene from the pX⌬4 plasmid. Plasmid pEBG1 contains a 1.9-kb fragment located upstream of the G gene (orientation is defined according to the direction of G gene transcription). Plasmid pXA2 contains a 10.9-kb fragment which includes the fragments cloned into pEBG1 and pX⌬4 as well as the 50-bp stretch lying between them. Plasmids were injected as supercoiled circular molecules at a high concentration. After injection, circular molecules are linearized at many different points of the sequence (18) . Telomeric repeats are added to the extremities of linear monomers or multimers, which then replicate autonomously in the macronucleus (17, 20, 29) . Injected cells were grown in depression slides, and the amount of replicating plasmid was determined by a quick dot blot procedure (see Materials and Methods). Selected cell lines maintaining between 10,000 and 80,000 plasmid copies per macronucleus (i.e., between 10 and 80 times the normal amount of the gene) were grown for DNA extraction. Plasmid copy numbers were more precisely measured by scanning autoradiographs of Southern blots and comparing the plasmid signal with the endogenous G gene signal. Transformed lines were then allowed to undergo autogamy, a self-fertilization sexual process resulting in entirely homozygous progeny (43) . Isolated caryonides were grown, and their DNA was extracted to probe the structure of the new macronuclear genome. transformed with the other three plasmids show a greatly reduced density of the wild-type band at 17.7 kb; instead, they show the broad smears characteristic of telomeric fragments. The putative new telomere addition regions can be mapped by estimating the size range of these fragments (see the schematic drawing in Fig. 1) . A second mapping, using BamHI restriction and fragment EBG1 as a probe, gave compatible results (data not shown).
To confirm the terminal nature of the deletions, a PCR amplification was performed with one oligonucleotide located upstream of the BamHI site (primer 1) and a second, degenerate oligonucleotide complementary to Paramecium telomeric repeats (primer 2) (Fig. 1b) . In the control caryonide (lane Wg), the absence of any specific amplification product indicates that no telomeres are added within PCR reach of primer 1 in the wild type. In all postautogamous caryonides derived from transformed cells, DNA molecules heterogeneous in size can be amplified and specifically revealed with fragment EBG1 (probe b [Fig. 1b] ). Although the PCR amplification is expected to be biased in favor of the shortest molecules, the size range of these fragments agrees well with the mapping of new telomere addition regions. The absence of signal below ϳ0.3 kb likely reflects poor transfer or hybridization of very short fragments. Thus, all four plasmids, when injected into the old macronucleus, induce terminal deletions of the homologous germ line genomic region in the developing macronucleus, even though some of them bear no common sequence.
Different sequences induce different terminal deletions. Plasmid pEG1, a subclone of pX⌬4, induces terminal deletions that map essentially to the same region as the pX⌬4-induced deletions. In Fig. 1a (lanes E1 and E2) , traces of hybridizing material can be seen between the bulk of the telomeric distribution and the wild-type band, but it is not clear whether this material is a specific consequence of pEG1 transformation, because it is also present in some wild-type controls (see Fig. 2 , lanes W1 and W2). In contrast, plasmid pEBG1 induces telomere formation in a region that is significantly displaced upstream (Fig. 1a, lanes B1 to B4) . The weakness of the signal is due to the larger smear of short telomeric fragments in the agarose gel. It is also possible that telomere formation occurs upstream of the probe in a fraction of macronuclear molecules, resulting in a decreased number of copies of the probe a sequence in the new macronucleus. The Southern blot of PCR products (Fig. 1b) also shows clear differences in the average sizes of amplified telomeric fragments. These differences are further highlighted by rehybridization of the same blot with a 0.4-kb subfragment of EBG1 located close to the EcoRI site (probe c [ Fig. 1c]) ; fragments amplified from pEBG1-induced deletions are shorter and, in contrast to those amplified from pEG1-induced deletions, do not extend sufficiently downstream to be efficiently revealed by probe c. Finally, it should be noted that plasmid pXA2, which contains both the pEBG1 and the pEG1 sequences, induces telomere formation in an extended region overlapping both mutant telomere addition regions. Thus, the injection of different fragments leads to the formation of telomeres in different regions during the subsequent nuclear reorganization. The mutant telomere addition region always begins upstream of the injected sequence, partially overlapping it in the case of pEBG1, pXA2, and pX⌬4; the pEG1-induced telomeric distribution, however, mainly lies upstream of the EG1 sequence.
Effect of transformation of mutant macronuclei. It has been reported that the similar macronuclear mutant d48 of P. tetraurelia could be rescued by injection into the macronucleus of some fragments of the coding sequence that are missing in the mutant macronuclear genome. After autogamy of transformed cell lines, it was observed that the number of molecules containing a complete A gene in the new macronucleus was increased compared to uninjected controls, implying that the injection of these fragments stimulates the formation of telomeres downstream of the coding sequence (19, 21, 25, 47, 48) . Although plasmid-induced G gene deletions are less stable than the d48 deletion, showing partial spontaneous reversion at the following autogamy (29), we asked whether microinjection of deleted sequences into a first-generation mutant would enhance G gene amplification after a second autogamy. One of the mutants derived from a pEBG1-transformed cell (clone B1 in Fig. 1 and 2 ) was microinjected with plasmids pEBG1 (55,000 copies per macronucleus) or pEG1 (about 5,000 copies). After autogamy of transformed lines, individual caryonides were grown and their macronuclear genomes were analyzed as described above (except that a different probe was used to achieve better labelling of the mutant telomeric fragments) and compared to control caryonides obtained by autogamy of the uninjected B1 mutant (lanes 17 to 21 in Fig. 2) . The latter show the high-level variability of telomere position previously observed after autogamy of first-generation pX⌬4-induced mutants (29) . Two of them (lanes 19 and 21) retain telomeres in the B1 mutant telomere addition region, although they appear to be a subset of the sites used in the first-generation mutant. One (lane 17) primarily shows the wild-type band. The other two (lanes 18 and 20) appear to have telomeres at multiple intermediate positions. Lanes 1 through 4 show four caryonides derived from the pEBG1-transformed B1 mutant; these samples clearly contain less of the wild-type telomere addition region than control caryonides from the uninjected B1 mutant. Lanes 5 through 16 show 12 caryonides derived from the pEG1-transformed B1 mutant. The density of the wild-type band differs in these caryonides, but on average it is not higher than that seen in the control caryonides (lanes 17 to 21). Thus, in contrast to the d48 rescue experiments, injection of these plasmids into the mutant clone did not enhance reversion to the wild-type telomere addition region. Figure 2 also includes, for comparison, the postautogamous caryonides derived from transformed wild-type cells (lanes B1 to B4, E1, and E2; as in Fig. 1 ). The comparison of lanes 1 to 4 with lanes B1 to B4 and lanes 5 to 16 with lanes E1 and E2 shows that for each plasmid the same telomeric distribution was induced in the new macronucleus whether the plasmid was injected into B1 or wild-type macronuclei (although the pEBG1-induced distribution is slightly displaced upstream in the case of the mutant line). A comparatively denser wild-type band is seen in the postautogamous caryonides derived from the pEG1-transformed B1 mutant (lanes 5 to 16) than in those derived from the pEG1-transformed wild-type cells (lanes E1 and E2). This is probably due to the relatively low copy number (5,000 per macronucleus) of pEG1 in the transformed mutant lines and not to a behavior difference between mutant and wild-type cells. Indeed, the ratio of deleted molecules to wildtype molecules in the new macronucleus correlates with the copy number of the injected plasmid (29) .
Induction of internal macronuclear deletions. To determine whether the induction of deletions by plasmid transformation is limited to genomic regions that are close to a macronuclear telomere or to surface antigen genes, the experiment was repeated with an arbitrarily chosen internal sequence. Plasmid pLK1, which contains a 3.6-kb EcoRI fragment located 72 kb upstream of the G gene telomere (Fig. 3) , was microinjected into the macronuclei of wild-type cells. A high mortality rate was observed after autogamy of transformed clones. Two surviving postautogamous caryonides derived from a clone main-taining about 24,000 copies of pLK1 per macronucleus were grown, and their macronuclear genomes were analyzed by probing an EcoRI Southern blot with the LK1 sequence. These two clones still showed the 3.6-kb fragment; however, the signal was less intense than in uninjected controls (data not shown). Taking advantage of the presence of an Asp718 site within the LK1 sequence, we were able to show by CHEF electrophoresis that a significant fraction of the new macronuclear chromosomes had lost this site. Figure 3 shows a Southern blot of Asp718-restricted genomic DNA from these two clones (lanes K1 and K2), as well as postautogamous caryonides derived from an uninjected control (lane Wk) and from clones transformed with 24,000 or 48,000 copies (lanes C1 and C2, respectively) of a control yeast plasmid, YEpJB1-23-0 (29) . In addition to the site in LK1, Asp718 cleaves the G gene chromosomes at sites 105 kb upstream and 65 kb downstream of LK1. As shown in Fig. 3 , the 105-and 65-kb fragments are revealed with probes a and b, respectively. Several additional fragments of lower molecular weight are also detected with probe a, due to cross-hybridization with a different macronuclear chromosome family (5) . In caryonidal clones K1 and K2, a 170-kb fragment, which can be interpreted as resulting from an internal deletion of the LK1 Asp718 site, is detected with both probes. A very weak signal at 170 kb is also observed with probe a in controls Wk, C1, and C2; this probably also represents cross-hybridization with a different genomic region, since no such signal is seen with probe b. No chromosome breakage in or around the LK1 sequence, which would produce macronuclear chromosomes corresponding to the right or left part of the chromosome, could be detected on a Southern blot of uncut DNA which had been subjected to CHEF electrophoresis (data not shown).
Judging from molecular weight estimates, the deletion should be smaller than 10 kb. Different restriction sites flanking the LK1 sequence were then used to estimate the size of the deletion, which is entirely contained within a ϳ12-kb HincII fragment in the wild-type sequence (data not shown). The restriction pattern observed in deleted clones reveals a set of multiple but discrete deletions, in contrast to the terminal deletions. These discrete deletions appear to have identical sizes in clones K1 and K2, although the ratio of deleted to wild-type molecules differs between them. In both mutant caryonides, the sizes of the most abundant deleted fragments imply deletions of about 3.4 and 5.0 kb, respectively. These deletions were then mapped on Southern blots by using multiple digests and different probes. Digestion of genomic DNA with HincII and EcoNI yields an 8.2-kb wild-type fragment and two major deleted fragments of 4.8 and 3.2 kb (data not shown). Fig. 1 and this figure) transformed with plasmid pEBG1 or pEG1. The blot shows BglII-restricted genomic DNA hybridized with a 700-bp HindIII fragment located 2.6 to 3.3 kb downstream of the left BglII site. Lanes: 1 to 4, postautogamous caryonides derived from the pEBG1-transformed B1 mutant; 5 to 16, postautogamous caryonides derived from the pEG1-transformed B1 mutant; 17 to 21, postautogamous caryonides derived from the uninjected B1 mutant; B1 to B4 and E1 to E2, the same samples as in Fig. 1 (postautogamous caryonides derived from wild-type cells transformed with pEBG1 and pEG1, respectively); W1 and W2, wild-type controls. Restriction site symbols and line drawings are as described in the legend to Fig. 1 .
(probe c) shows that although AccI recuts the HincII-EcoNI wild-type fragment to 6.2 kb, it does not affect the deleted fragments, indicating that the deletions include the AccI site. Similarly, HaeIII recuts only the wild-type fragment, and therefore this site is absent from both deleted forms, whereas BamHI is retained in the 4.8-kb deleted form but not in the 3.2-kb deleted form. The AvaII site immediately to the left of probe c is present in both deleted forms. Hybridization of the same blot with probe d (see the map in Fig. 4) shows that the 4.8-kb deleted form retains part of this sequence, indicating that the downstream end point of this deletion must lie between the HaeIII and the EcoRI sites. Thus, the right deletion end points have been mapped with precisions of 0.2 kb for the 3.4-kb deletion and 0.8 kb for the 5.0-kb deletion. The left end points are located upstream of the AccI site; the uncertainty about their exact positions is higher than for the right end points because it also depends on estimated deletion sizes.
Sequence analysis of pLK1-induced deletions. To characterize more precisely the deletion end points and junctions, the wild-type macronuclear sequence was determined over an 8,033-bp segment including sequence LK1. A database similarity search identified three regions (a, b, and c [ Fig. 5] ) potentially encoding polypeptides with very significant similarities to known proteins (cAMP-dependent protein kinases, peptidylprolyl isomerases, and cytidylate/adenylate kinases, respectively). In addition, sequence LK1 contains a 2-kb-long open reading frame (ORF in Fig. 5 ). The presence of these genes could explain the mortality observed after autogamy of pLK1-transformed clones. If some of them are essential, only those clones with a sufficient copy number of wild-type molecules are expected to survive. Thus, the relatively low proportion of deleted molecules in the new macronucleus, compared to terminal deletions induced by G gene plasmids, does not necessarily reflect a lower efficiency of induction of internal deletions.
Primers matching sequences on either side of the deletions were used in PCR amplifications of total genomic DNA from control and mutant clones (see the map in Fig. 4) . Under the PCR conditions used (see Materials and Methods), no amplification product could be detected with control clone Wk, presumably because the 6.1-and 7.2-kb fragments expected from the wild-type sequence with primer pairs 3-4 and 3-5, respectively, are too large. With clones K1 and K2, however, multiple shorter fragments were readily amplified. After cloning into a plasmid, inserts of various sizes were sequenced. Figure 5 shows the sequences of 12 different deletion junctions. The sample is intended to give an overview of the structure and variability of junctions, but because of the PCR size bias it is not expected to be representative of the relative abundance of each type of deletion in the macronucleus. Indeed, junctions resulting from the smallest deletions, which correspond to the largest molecules, could be amplified only after size selection of HincII-EcoNI genomic fragments. Four of the junctions were obtained several times; junction 5 was sequenced from both the K1 and K2 mutant clones.
As expected from the discrete banding pattern of deleted macronuclear molecules (Fig. 4) , deletion boundaries appear to be clustered at a few recombination hot spots (see the schematic drawing of deletions in Fig. 5 ). The 12 left boundaries fall within three short (Յ16-bp) stretches of A-and T-rich DNA, and the 12 right boundaries fall within four such stretches. The locations of these hot spots are in good agreement with the restriction mapping. Deletions 3 and 4, which have their right boundaries in between the HaeIII and EcoRI sites at the right end of sequence LK1, are likely to represent the smallest of the two major deletions mapped in Fig. 4 , as they were amplified from size-selected EcoNI-HincII genomic fragments in the 4.8-to 5.1-kb range. The discrepancy between the estimated size of the deletion (ϳ3.4 kb) and the actual sizes of deletions 3 and 4 (4.1 kb) may arise from imprecision in the mapping of the HincII site, which was based on size estimates of large fragments. Similarly, deletions 7 through 10 are likely to represent the largest of the mapped deletions, since two of them were amplified from size-selected EcoNI-HincII genomic fragments in the 3.3-to 3.6-kb range. Here also, actual deletion sizes (5.5 kb) are larger than the estimated 5.0 kb. Some of the minor deleted fragments visible on the Southern blot shown in Fig. 4 may correspond to other sequenced junctions or to different combinations of identified left and right hot spots (three of them are used in conjunction with more than one other in the sample of sequenced junctions).
Alignment of the sequences of junctions 2 to 12 with the wild-type sequence suggests that deletions occur between two direct repeats, one of which remains in the rearranged sequence (Fig. 6) . The direct repeats are 3 to 12 bp in length and are almost exclusively composed of strictly alternating thymines and adenines. Junction 1 is peculiar in that there are no direct repeats at the deletion boundaries; moreover, the junction contains eight successive 5Ј-TA-3Ј dinucleotides, only seven of which can be accounted for by the wild-type macronuclear sequence (Fig. 6) . The extra TA might result from one deletion boundary being located within an IES sequence that is normally excised in the wild type, at 2 bp from the IES boundary. However, a more likely explanation is that it arises from a PCR artifact. Indeed, we have also observed a 2-bp deletion within a similar stretch of eight successive TAs (between nucleotides 1,938 and 1,953 of the wild-type sequence) in another cloned PCR product (deletion 11), about 100 bp away from the main deletion junction. PCR amplification of stretches of repeated dinucleotides has been shown to produce 2-bp deletions, probably through polymerase slippage (33); both deletions and insertions could result from the looping out of one strand during replication. If PCR slippage had increased the number of TAs of junction 1 from six to eight, then the original deletion would have occurred between 5Ј-TA-3Ј direct repeats. Although the occurrence of PCR slippage could cast doubts on the structure of junctions containing long tracts of TAs (deletions 7 to 10), it does not call into question the identification of deletion boundaries; the absence of deleted products in the amplification of wild-type macronuclear DNA shows that large deletions between distant TA tracts are not attributable to a PCR artifact.
DISCUSSION
Induction of macronuclear deletions by plasmid transformation is a general and sequence-specific process. Previous work has shown that the induction of G gene deletions in the new macronucleus by transformation with plasmid pX⌬4 is sequence specific: a plasmid containing a totally unrelated sequence has no effect on the processing and amplification of the G gene. The present work shows that three additional plasmids containing different segments of the G gene region can induce macronuclear deletions in this genomic region even though some of them contain no common sequence. Furthermore, the induction of internal deletions of the LK1 sequence by transformation with pLK1 indicates that the phenomenon is not limited to surface antigen genes or subtelomeric regions of the macronuclear genome.
One important implication of LK1 deletions is that the effect does not necessarily entail chromosome breakage and telomere formation; as in the programmed elimination of IESs, it can lead to the rejoining of flanking sequences. Terminal deletions induced by G gene plasmids include the whole segment between the injected sequence and the wild-type macronuclear telomere (16 kb in the case of EBG1), whereas pLK1, which is located 72 kb upstream of the same telomere, induces internal deletions only slightly larger than itself. The idea that terminal deletions result from the proximity of the injected sequence to a chromosome fragmentation event is supported by additional experiments, presented elsewhere (6) , showing that two plasmids from different genomic regions can cause either terminal or internal deletions. These sequences are located near facultative chromosome breakage sites and thus are found in the wild-type macronucleus in both subtelomeric and internal positions. Transformation of the maternal macronucleus affects both types of chromosomes in sexual progeny, resulting in terminal deletions when the chromosome is fragmented nearby and in internal deletions when it is not.
Taken together, these results suggest that the primary effect of plasmid transformation is to decrease the copy number of homologous sequences in the new macronucleus rather than to induce specific rearrangements; the boundaries of underrepresented segments will necessarily show some kind of rearrangement. It is not known at what stage of macronuclear development and genome amplification the targeted sequences are deleted or, indeed, whether they are deleted at all or simply not replicated. However, the multiplicity of deletion end points observed in single macronuclei suggests that the process operates only after a substantial amplification of the diploid genome. Deletions were induced by all seven plasmids tested, in four different regions; the phenomenon therefore must be quite general. Its sequence specificity, evident from the fact that injected plasmids only affect rearrangements in the homologous genomic region, can also be seen within one genomic region, as plasmids containing nonoverlapping segments of the G gene region induce different terminal deletions.
The exact positions of deletion boundaries are determined by the germ line sequence. The mapping of G gene terminal deletions (Fig. 1) shows that in all cases a fraction of deletion breakpoints are located upstream of the injected sequence. However, the overlap between the mutant telomere addition region and the injected sequence is not the same in all cases; in pEG1-induced deletions, the telomere addition region is entirely located upstream of sequence EG1. This observation rules out an earlier hypothesis (29) according to which mutant telomere positions could arise in the new macronucleus through a mechanism copying the telomeres added onto plasmid sequences in the maternal macronucleus. Moreover, the fact that the telomere addition region induced by pEG1 is the same as that induced by pX⌬4 (which maps at the 5Ј end of the G gene coding sequence) suggests that rearrangements preferentially occur in specific regions of the germ line sequence.
Similar conclusions can be drawn from the analysis of pLK1-induced internal deletions. Indeed, the same set of alternative deletion boundaries (mostly located outside the LK1 sequence) is observed in two independent postautogamous clones, indicating that their positions are determined by local particularities of the germ line sequence. The sequencing of 12 deletion junctions identified a number of deletion hot spots, each showing limited microheterogeneity in the precise recombination site. The two most frequently used hot spots in this sample (left boundaries of deletions 3 to 10 and right boundaries of deletions 1, 2, and 7 to 11) contain eight and five consecutive repeats of the dinucleotide 5Ј-TA-3Ј, respectively. This prompted us to examine whether the locations of hot spots could be determined by specific sequence features. The top graph in Fig. 5 represents the local richness in 5Ј-TA-3Ј dinucleotides, computed in a 40-bp window sliding along the whole sequence. Quite strikingly, sequenced deletion boundaries coincide with the highest peaks in TA density. For comparison, Fig. 5 also shows the density profile of 5Ј-AT-3Ј dinucleotides and the local percentage of A and T nucleotides. Not surprisingly, the three graphs are correlated; however, the TA graph appears to have the highest predictive value. Thus, the mechanism by which possible boundaries for the deletion of the targeted sequence are selected may involve direct recognition of TA-rich sequences or use some other, strongly correlated criterion. Figure 5 shows that peaks in TA density also neatly delineate putative protein-coding sequences, so that genes appear to behave as the smallest deletion units. A similar mechanism may select the boundaries of terminal deletions, as transformation with a fragment internal to the G gene coding sequence (EG1) results in the deletion of the whole gene.
Relation of plasmid-induced deletions to IES excision. The sequence analysis indicates that LK1 internal deletions occur between two short direct repeats of alternating T's and A's, raising the possibility that the mechanism of plasmid-induced deletions, like IES excision, invariably involves recombination between two TA dinucleotides (22) . Because of these direct repeats, it is impossible to pinpoint the exact sites of recombination in each case. Nevertheless, it is clear that several different sites can be used within a single hot spot, as the direct repeats of different junctions are often not overlapping (see, for example, the left direct repeats of deletions 9 and 10 or the right direct repeats of deletions 3 and 4, 5 and 6, or 2 and 11). A more limited microheterogeneity of deletion end points has also been reported for some Paramecium IESs located in noncoding sequences (13) . Assuming that any one of the TAs in the direct repeats could have been used for recombination, we looked for adjacent sequences fitting the poorly conserved, degenerate consensus of IES ends, 5Ј-TAYAGYNR-3Ј, which was identified through a statistical analysis of sequences internal to the TA boundaries of IESs (22) . A good fit is found in only one case: at the right boundary of deletion 5, the sequence between nucleotides 6,071 and 6,064 reads 5Ј-TATAGTAG-3Ј going into the deleted segment. Even the most significant position of the consensus sequence (the G in position 5) is clearly lacking at all other deletion ends. Thus, while the two deletion processes may use the same basic recombination mechanism, the greater heterogeneity of plasmid-induced deletion junctions could be linked to the absence of consensus.
It should be noted that in both plasmid-induced deletions and IES excision, the mechanism determining whether the sequence should be deleted or amplified may be independent from the definition of deletion end points. The excision of some IESs was shown to be under an epigenetic, sequencespecific control exerted by the maternal macronucleus (13a, 14) ; an exciting possibility is that the epigenetic programming of deletions by transformation of the maternal macronucleus draws on the same mechanism.
Nucleic acids as trans-acting factors. The experiments presented here reveal the existence of trans-acting factors that modulate the amplification and rearrangement of specific regions of the germ line genome. The molecular nature of these factors is unknown; sequence specificity could be explained either by the production of sequence-specific protein factors from plasmids replicating in the old macronucleus (or being titrated by them) or by direct recognition of germ line sequences by homologous nucleic acid sequences originating from the old macronucleus. We cannot envision how each of the plasmids tested could encode a protein factor specifically affecting the developmental processing of its genomic region of origin. It is also very difficult to believe that each of these plasmids could contain a binding site for a specific protein factor that is required for normal processing of the homologous germ line sequence so that titration of the factor by the old macronucleus would prevent its action on developing macronuclei. Indeed, tested plasmids were randomly chosen, suggesting that a large fraction of arbitrarily defined segments of the macronuclear genome are able to induce specific deletions; under this assumption, the huge number of different protein factors required to process the whole genome would take up most of its own coding capacity. The sequence specificity of the effect is more easily explained by the hypothesis that the transacting factors are nucleic acids originating from the old macronucleus and that they act by pairing with germ line sequences during macronuclear development. However, genetic material from the old macronucleus is not amplified to become part of the new macronuclear genome; no recognizable plasmid sequence (bacterial sequence or different allele) can be detected in the macronucleus of sexual progeny of transformed clones by Southern blotting. The maternal trans-acting factors could be RNA molecules, or they could be DNA fragments that influence the processing of the germ line genome but are not themselves amplified.
One difficult requirement of this hypothesis is that nucleic acids have to be transferred between different nuclei in the same cytoplasm. While there is no direct evidence for such a transfer, it has already been postulated to account for several sequence-specific maternal effects on developmental rearrangements of the zygotic genome (for reviews, see references 30 and 31). A model effect of the maternal macronuclear genome on the positioning of macronuclear telomeres in the G gene region has led to the suggestion that the trans-acting factors carry sequence information (29) . A mechanism involving pairing has also been proposed to account for the ability of several nonoverlapping DNA segments from the A gene, after injection into the d48 maternal macronucleus, to prevent A gene terminal deletion of the developing macronucleus, thus permanently rescuing the d48 macronuclear mutation in sexual progeny (21, 48) . The experiment has been repeated with a macronuclear deletion of the B gene, a related surface-antigen gene; despite the fact that the rescuing ability is not confined to a particular sequence within the A gene, a study of cell lines carrying both A gene and B gene macronuclear deletions has shown that the rescue mechanism is gene specific (41) , which supports the pairing hypothesis. Finally, a formally similar trans-nuclear effect, the inhibition of excision of some IESs by homologous sequences present in the maternal macronucleus, may also involve pairing (13a, 14) .
While all of these results point to the same general conclusion, that transformation of the old macronucleus with cloned macronuclear segments specifically affects the processing of the homologous germ line sequences, it is unclear why it appears to induce macronuclear deletions in some cases and prevent them in others. One difference between the two types of experiments is that in rescue experiments, the injected fragments are already missing from the recipient macronucleus. We therefore tested the effect of injection of plasmids pEBG1 and pEG1 into the macronucleus of a pEBG1-induced mutant. Reversion to wild-type processing of the G gene was not enhanced in the following generation compared to uninjected controls. For each plasmid, the same terminal deletion is induced after injection into wild-type or mutant macronuclei.
It is unlikely that the discrepancy arises from the use of two different sibling species, P. primaurelia in our study and P. tetraurelia in the rescue experiments, because transformation of the maternal macronucleus can also induce underrepresentation of homologous sequences in P. tetraurelia (14) . Rather, the difference may be attributable to technical procedures for transformation. It was shown that deletion induction is dependent on the presence of a high copy number of the transforming plasmid (14, 29) . Furthermore, the process is much less efficient (relative to plasmid copy number) when G gene plasmids are injected as linear molecules (data not shown). One difference between the injection of circular and linear molecules is that circular molecules, following linearization in the macronucleus, have telomeric repeats added at many different points of the sequence. We have also shown that most, if not all, of the multimers obtained from circular molecules formally correspond to nonhomologous recombination (unpublished results); they are presumably produced by end-to-end joining of many different types of linearized monomers before telomere addition. These multimers therefore present a wide variety of sequence rearrangements disrupting homology with the germ line sequence, whereas multimers obtained from linear molecules correspond to end-to-end joining of monomers that have all been cut at the same site and contain only a limited number of sequence discontinuities.
The pairing of plasmid sequences containing many homology-disrupting discontinuities may thus be responsible for the deletion of germ line sequences. This idea is reminiscent of a model developed to explain repeat-induced gene silencing in Arabidopsis thaliana, in which it was proposed that the pairing of sequences containing homologous segments flanked by heterologous sequences induces condensation of the chromatin into a nontranscribable state (2, 46) . Three-way structures formed at the homology/heterology boundaries may be recognized by specific factors, leading to chromatin remodelling or DNA methylation (4) . An epigenetic imprint imposed on specific sequences by pairing interactions could then be translated into the observed deletions; recent evidence indeed suggests that most of the germ line-specific DNA is eliminated as heterochromatin in the related ciliate Tetrahymena thermophila (26) . Heterochromatin spreading could explain the deletion of sequences located between the injected sequence and nearby chromosome fragmentation regions in our experiments.
On the other hand, some germ line sequences may also contain cis-acting signals that spontaneously trigger heterochromatin formation during macronuclear development. In Paramecium surface-antigen genes, the presence of ϳ200-bp tandem repeats in the coding sequence may constitute such a signal, as repeated sequences favor heterochromatin formation in Arabidopsis thaliana (46) and Drosophila melanogaster (11, 36) , and perhaps also in mice (10), probably as a consequence of intramolecular paired structures. Germ line sequences that can be amplified in the developing macronucleus only if they are already present in the maternal macronucleus, such as the A and B genes and some IESs, might require pairing with colinear maternal molecules to prevent spontaneous heterochromatin formation and deletion.
Further work is needed to clarify the role of maternal sequences in the epigenetic programming of Paramecium genome rearrangements. The system is unique in that it appears to involve a trans-nuclear comparison of the zygotic genome with the maternal somatic genome; nevertheless, the likely involvement of pairing-induced epigenetic modifications clearly relates it to a number of homology-dependent gene silencing phenomena in other eukaryotes (for reviews, see references 15, 27, 28, 32, and 35) .
